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K ar a m b e 1 as 
r571 ABSTRACT 
An emission current control system for balancing the 
individual emission currents from an array of hollow 
cathodes has current sensors for determining the cur- 
rent drawn by each cathode from a power supply. Each 
current sensor has an output signal which has a magni- 
tude proportional to the current. The current sensor 
output signals are averaged, the avegge value so ob- 
tained being applied to a respective controller for con- 
trolling the flow of an ion source material through each 
cathode. Also applied to each controller are the respec- 
tive sensor output signals for each cathode and a com- 
mon reference signal. The flow of source material 
through each hollow cathode is thereby made propor- 
tional to the current drawn by that cathode, the average 
current drawn by all of the cathodes, and the reference 
signal. Thus, the emission current of each cathode is 
controlled such that each is made substantially equal to 
the emission current of each of the other cathodes. 
When utilized as a component of a multiple hollow 
cathode ion propulsion motor, the emission current 
control system of the invention provides for balancing 
the thrust of the motor about the thrust axis and also for 
preventing premature failure of a hollow cathode 
source due to operation above a maximum rated emis- 
sion current. 
1978, pp. 251-242. 
. 
8 Claims, 3 Drawing Figures 
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differences may result in the devices contributing un- 
equally to the total output thrust of the motor. Thus, 
one of the devices may be operating at a higher emission 
current level than the others, which current level may 
The invention described herein was made in perfor- 5 exceed the maximum rated level of the device. Such an 
mance of work under NASA Contract No. NAS3- unbalanced mode of operation may result in one of the 
21943 and is subject to the provisions of Section 305 of devices experiencing premature failure. In an essentially 
the National Aeronautics and Space Act of 1958 (72 inaccessible vehicle such as a spacecraft, such a failure 
Stat. 435; 42 USC $245). may have a significant and permanent detrimental effect 
In addition to premature failure, the problem of un- 1 BACKGROUND OF THE INVENTION 
Ion source devices, such as hollow cathode devices, balanced operation may have other serious conse- 
are commonly used when it is desired to ionize a source quences in an ion propulsion motor utilizing multiple 
material. The source material may be a gas, such as hollow cathode devices. One such consequence is an 
argon or xenon, or the vapor which results from heating 15 asymmetry of thrust produced by the motor. In a single 
a substance such as cesium or mercury. A hollow cath- cathode motor, the cathode is placed on an axis coinci- 
ode device is formed typically of a hollow metallic tube dent with the thrust discharge of the motor. In a multi- 
which is in electrical contact with the negative terminal ple cathode motor, however, the individual cathodes 
of a power supply. An electron current, in the form of are arrayed in a symmetrical pattern about the axis of 
an arc, flows between the hollow cathode and an elec- 20 thrust discharge. Thus it may be seen that if the emission 
trode, or anode, which is connected to a positive termi- currents from each of the cathodes are not balanced, the 
nal of the power supply. The gas or vapor source mate- resultant thrust will not be balanced about the thrust 
rial paisa through the hollow cathode and exits an end axis, with potentially serious adverse effects on space- 
where it is ionized within the arc creating, in the case of craft maneuverability. 
mercury vapor, positively charged mercury ions and 25 As may be appreciated, an important component of 
free electrons. The electron current flowing between an ion propulsion motor utilizing hollow cathode de- 
the hollow cathode and the anode is known as the emis- vices is a cathode emission current control system. Typ- 
sion current of the cathode. The magnitude of the emis- ically, such a control system regulates the flow of pro- 
sion current is a function of several factors, two of pellant through each hollow cathode relative to the 
which are the magnitude of the voltage of the power 30 voltage potential between the cathode and the anode, 
supply, and, the amount of source material available to this potential commonly being known as the discharge 
be ionized. voltage. The amount of propellant passing through the 
One valuable application for hollow cathode devices cathode is normally inversely proportional to the mag- 
is as a component of an ion propulsion motor, or ion nitude of the discharge voltage. The actual method of 
thruster. One application of ion thrusters is for attitude 35 regulation of the flow of propellant may vary depend- 
control of satellites and other spacecraft. The thrust ing on the type of propellant being used. For example, 
available from an ion thruster is typically significantly in a hollow cathode device utilizing mercury as a pro- 
less than that available from traditional chemical pro- pellant, the mercury is typically vaporized by passing it 
pulsion motors, therefore limiting their use to the vac- through a heated, porous plug. By varying the plug 
uum conditions found in space. However, their specific 40 heater current, and hence the temperature, a varying 
impulse, which is typically defined as the thrust per unit amount of mercury will be vaporized, thus increasing or 
weight flow of exhaust gasses, is significantly higher decreasing the flow of propellant through the hollow 
than that of a traditional chemical propulsion motor, cathode device. 
typically by as much as an order of magnitude. In other While this emission current control system may be 
words, the fuel required for a given level of thrust 45 suitable for an ion propulsion motor utilizing a single 
weighs ten times less than the fuel required in a chemi- cathode, it is unsuitable for a motor utilizing two or 
cal impulse motor. Such significantly smaller fuel re- more cathode devices, in that the individual characteris- 
quirements make ion propulsion motors well suited for tics of each cathode are not compensated for. In accor- 
applications where low levels of thrust are acceptable dance with the foregoing example, the heater plug cur- 
over long periods of time. In an ion propulsion motor 50 rent of each cathode is maintained at the same level for 
the gas or vapor fed to the hollow cathode is typically a given discharge voltage, thus causing a substantially 
referred to as the propellant. equal amount of propellant to flow through each cath- 
Below a certain level of thrust, a single hollow cath- ode. The result may be that one or more cathodes in a 
ode device may be sufficient to provide the emission multi-cathode motor may produce a higher emission 
current required by the motor. However, as ion thrust- 55 current than the other cathodes, depending on the indi- 
ers are scaled upwards to achieve larger amounts of vidual characteristics of each cathode. This unequal 
thrust, a problem arises in that the emission current emission current output results in the creation of the 
capacity of a single hollow cathode device may be ex- aforementioned problems of premature failure and un- 
ceeded. A proposed solution of this problem has been balanced thrust about the thrust axis of the motor. 
SUMMARY OF THE INVENTION 
the inclusion of one or more additional hollow cathode 60 
devices within the ion propulsion motor, each device 
thereby contributing to the total emission current and, The foregoing problems are overcome and other 
hence, thrust of the motor. advantages are provided by an emission current control 
The use of more than one hollow cathode device, system which, in accordance with the present inven- 
however, can create additional problems in the design 65 tion, substantially equalizes the emission current from 
and operation of a higher thrust ion propulsion motor. each of a plurality of electron source devices which are 
One problem which is created is due to slight intrinsic connected to a power supply. In one embodiment of the 
differences between the hollow cathode devices. Such invention, a plurality of hollow cathode devices are 
EMISSION CURRENT CONTROL SYSTEM FOR 
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10 on the overall operation of the spacecraft. 
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independently connected to a negative terminal of a 
common discharge voltage power supply. A current 
sensor, one being associated with each device, generates 
an output signal which is proportional to current that 
each hollow cathode device draws from the power 
supply. This output signal is combined with a second 
signal, which has a magnitude proportional to the aver- 
age current drawn by the plurality of cathode devices. 
A third signal resulting from this combination of first 
and second signals is applied to a heater or valve to 
confrol the flow of propellant through each of the plu- 
rality of cathode devices in proportion to the current 
drawn by each device. Additionally a fourth signal 
simultaneously controls the total flow of propellant 
through the plurality of devices, the total flow being 
controlled in inverse proportion to the magnitude of the 
discharge voltage. Thus the emission currents from 
each of the plurality of hollow cathode devices are 
substantially equalized with respect to the individual 
characteristics of each cathode and with respect to the 
magnitude of the discharge voltage. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The foregoing aspects and other features of the in- 
vention are explained in the following description taken 
in connection with the accompanying drawings 
wherein. 
FIG. 1 is a block diagram of a dual hollow cathode 
system having an emission current control system 
which is an embodiment of the invention; 
FIG. 2 is a block diagram, partially in schematic 
form, of the control system of FIG. 1; and 
FIG. 3 is a stylized view of a dual hollow cathode ion 
propulsion motor incorporating the emission current 
control system of FIGS. 1 and 2. 
DETAILED DESCRIPTION OF THE 
INVENTION 
The emission current control system of the present 
.. invention will herein be described as embodied within 
W" an ion propulsion motor which utilizes vaporized mer- 
. cury as a propellant, and an alternate embodiment may 
employ a gas such as argon or xenon. It should be un- 
derstood that the invention may be utilized otherwise in 
other suitable applications wherein it is desirable that 
the emission currents of two or more electron sources 
be balanced. Likewise, although the system of the pres- 
ent invention will be described herein as a control sys- 
tem for hollow cathode devices, other suitable devices 
which ionize a gas or vapor may also be so controlled. 
Referring to FIG. 1, there is shown in greatly simpli- 
fied form a portion of an ion propulsion motor 10 hav- 
ing a first and a second hollow cathode device, 12 and 
14 respectively, which are symmetrically disposed 
about an axis of thrust 16 of motor 10. Each of the 
devices 12 and 14 is in electrical contact with a negative 
terminal of a discharge power supply 18, the connection 
for each device 12 and 14 being made independently of 
the other. A positive terminal of supply 18 is in electri- 
cal contact with a cylindrical anode 20, which is dis- 
posed around the cathode devices 12 and 14. The mag- 
nitude of the voltage of power supply 18, generally 
designated as discharge voltage VD, appears as a poten- 
tial difference between each of the devices 12 and 14 
and their respective anode 20. The magnitude of the 
voltage VD and the spacing between each cathode de- 
vice 12 and 14 and the respective anode 20 is deter- 
mined such that an electrical arc is maintained between 
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each cathode and the anode. Thus, a current is caused to 
flow between each cathode and the anode, the current 
being known as the emission current and shown as I1 
and 12. As may be appreciated, small intrinsic differ- 
ences between cathode devices 12 and 14 will cause 
each device to operate with a different characteristic 
emission' current. 
In order to substantially egualize one to another the 
emission currents from each of the cathode devices 12 
and 14, it is necessary to determine the respective mag- 
nitudes of each of the currents I1 and I2 that are drawn 
by each cathode 12 and 14 from power supply 18. This 
is accomplished in the invention by a first and second 
current sensor 24 and 26, shown as resistors, which are 
connected in series between each cathode device 12 and 
14 and the cathode's independent connection with the 
negative terminal of power supply 18. Thus, the cur- 
rents I1 and I2 drawn by each device 12 and 14 may be 
determhed. I t  should be realized that current sensors 24 
and 26 may be comprised of a variety of suitable types 
as is well known in the art. 
The voltage drop across the resistors of the sensors 24 
and 26 is suitably conditioned by first and second cur- 
rent sense circuits 28 and 30, respectively, which may 
comprise well-known operational amplifiers (not 
shown), to produce voltage signals VI and V2. The 
magnitudes of voltages Vi and V2 are directly propor- 
tional to the magnitudes of currents I1 and 12. 
Each of the voltages Vi and V2 are applied to first 
and second summers 32 and 34, respectively. Both Vi 
and V2 are also applied to summer 36, wherein the volt- 
ages Vi and V2 are summed together. The output of 
summer 36 is applied to a voltage divider, which in this 
embodiment of the invention is comprised of substan- 
tially equal valued resistors R1 and R2, whereby a volt- 
age signal represented by the following equation: 
VI + v2 
2 
is produced at the junction of R1 and R2. This voltage is 
the average of Vi and V2 and, hence, represents the 
average magnitude of the current drawn by devices 12 
and 14 from discharge supply 18. This average voltage 
is applied to both of the summers 32 and 34 to be sub- 
tracted from the voltages VI and V2 applied to respec- 
tive summers 32 and 34. Output signals of the summers 
32 and 34 are used in the control of propellant flow as 
will be described hereinafter. 
In order that the flow of propellant may also be con- 
trolled in proportion to the discharge voltage VD, it is 
necessary to include the magnitude of VD as a term at 
each of the summers 32 and 34. In order to further 
provide a means to adjust the flow of propellant, a 
voltage signal VREFiS subtracted from the magnitude of 
VD at a summer 38. The voltage signal VREF may be 
obtained by a number of different means, such as from 
the output of a wiper of a potentiometer if manual con- 
trol is desired. If it is desired to control the flow of 
propellant by, for example, a computer, V ~ ~ ~ c o u l d  be 
outputted by a digital-to-analog converter circuit, as is 
well known in the art. 
The output of summer 38, representing the voltage 
term VD-VREF, is applied to the input terminals of 
both summers 32 and 34 to be summed with the voltages 
VI and V2. The output signals from the summers 32 and 
34, shown as Vci and V a ,  respectively, are applied to 
4,733,530 
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first and second vaporizer supplies 40 and 42, respec- and V2 to be summed together. The non-inverting input 
tively, for control of propellant flowing through each of amplifier 58 is connected through resistor R5 to 
device 12 and 14. ground. The voltage appearing at the output of the 
As may be realized from the preceding description, amplifier 58 is connected through resistor R1 and R2 to 
the magnitude of Vci may be expressed by the follow- 5 ground. The voltage appearing at the output of the 
ing equation, namely: amplifier 58 is a function of the sum of Vi and V2 multi- 
plied by the gain of amplifier 58 as determined by the 
ohmic value of feedback resistor R6 relative to the 
ohmic values of resistors R3 and &. 
32 and 34 operate in a similar fashion, with the excep- 
tion that the inverting input of each amplifier is con- 
nected through a resistor to one of the voltages Vi or 
V2. Thus the output of each amplifier represents the 
l5 difference between the sum of the voltages applied to 
the inverting input and the voltage applied to the non- 
inverting input, multiplied by the gain of the amplifier 
as provided by the relative ohmic values of the feedback 
resistance to the input resistors. 
The operation of amplifier 60 of Summer 38 is similar 
to the operation of amplifiers 54 and 56 except that the 
noneinverting input has only one voltage applied, 
namely vREF. nus the output of amplifier 60 will be 
magnitude of VI will be greater than-that of V2. There- 25 amplifier gain which is determined by the relative 
which is the desired result in order to balance the mag- 
nitudes of the emission currents I1 and 12. 
flowing through a hollow cathode is one factor which 
determines the emission current of that cathode. There- 
fore, in order to effectuate the balancing of emission 
vci = (7) VI + v2 + V D -  VREF- v i  
I 
10 The operational amplifiers 54 and 56 of the summers 
Likewise, the magnitude of V n  may be expressed by 
the following equation, namely: 
Vl + v2 
V a = -  + VD - VREF - VZ 
Thus, it may be Seen that the magnitudes ofthe con- 
trol voltages Vcl and V n ,  set forth above, will differ 
one from the other in proportion to the difference be- 20 
tween the magnitudes ofV1 and v29 which 
are a function of the currents drawn by each device 12 
and 14. If, for example, device 12 draws more current 
'1 from l8 than does device 149 the the difference between VREFand VD, multiplied by the 
fore the ma@tude Of the 
age vcl be less than that Of V C 2 9  the resistance connected to the inverting input. 
ohmic value of the feedback resistance to the value of 
The first and second vaporizer supplies 40 and 42, in 
this embodiment of the invention, comprise PNP tran- 
sistors 62 and 64, respectively. The collector terminals 
Of transistors 62 and 64 are connected to a Source Of 
heater power V +  and their respective emitter terminals 
As was previously stated, the amount of propellant 30 
currents 11 and 12 it is necessary to regulate the flow of are and 50, respec- 
propellant through first and second vaporizers 44 and 35 tively* The base terminals of ~ransistors 62 and 64 are 
46, respectively. In this embodiment of the invention driven by the amplifiers 54 and 56 of their respective 
this is accomplished by regulating the current flow Of the current flow 
through first and second vaporizer heaters 48 and 50, through the transistors 62 and 64. The voltages vCl and 
respectively, by means of control voltages Vcl and Vn VCZ which are the respective outputs of amplifiers 54 
and the first and the second vaporizer supplies 40 and 42 40 and 56, by controlling the conduction of transistors 62 
to which the voltages Vcl and V a  are applied. and 64, thereby regulate the flow of current through 
In operation, a source of propellant 52 provides a vaporizer heaters 48 and 50. Inasmuch as the tempera- 
propellant, which in this embodiment of the invention ture of a heater 48 and 50 is Proportional to the current 
may be mercury, to first and second vaporizers 44 and Passing through the heater, it may be Seen that the 
46. Vaporizers 44 and 46 are formed typically of a PO- 45 amount of mercury vapor Produced by a vaporizer 44 
rous refractory material, such as tungsten, which per- and 46 is controlled by the magnitude of the voltages 
mits heating to a sufficiently high temperature by heat- VCl and VCr. 
ers 48 and 50 to vaporize the mercury. Mercury sup- Referring now to FIG. 3, there is shown in stylized 
plied to vaporizers 44 and 46 is vaporized by the high form an ion Propulsion motor 70 incorporating one 
temperature encountered therein, thereby forming a 50 embodiment of the invention. Motor 70 has two ioniza- 
vapor suitable to pass through hollow cathode devices tion devices, namely hollow cathodes 72 and 74, sub- 
12 and 14. The aforementioned electrical arc which is stantially symmetrically arranged about an axis of thrust 
maintained between each device 12 and 14 and the 76. Disposed around the cathode 72 and 74 is a cylindri- 
anode 20 ionizes the mercury vapor, thereby producing cal anode 78. Each cathode is independently connected 
free electrons and positively charged mercury ions. 55 to a negative terminal of a discharge voltage power 
These electrons and positive mercury ions pass into supply 82 through a respective current sensing resistor 
other regions (not shown in FIG. 1) of the ion propul- 84 and 86. A positive terminal VD of supply 82 is con- 
sion motor where they are utilized to create a thrust nected to anode 78 such that a potential difference exists 
from the motor. between each cathode 72 and 74 and the anode 78 the 
Referring now to FIG. 2, the emission current con- 60 potential difference resulting in current flowing there- 
trol system of the invention is shown in greater detail. between. The currents so flowing, namely, I1 and 12, are 
As shown, the summers 32,34, 36, and 38 comprise an sensed by resistors 84'and 86, each of which generates a 
operational amplifier 54, 56, 58 and 60, respectively, voltage having a magnitude proportional to the current 
each of which has a plurality of resistors connected to flowing therethrough. These voltages are applied to an 
provide the functions of voltage summation. 65 emission current control system 88, as are the voltages 
Referring first to summer 36, voltages Vi and V2 are VD and VREF. The system 88, is comprised of summers 
applied through resistors R3 and & to the inverting 32, 34, 36 and 38, and current sense circuits 28 and 30 
input of amplifier 58, thereby causing the voltages Vi (not shown in FIG. 3), and operates as has been de- 
to vaporizer heaters 
32 and 34 for 
. 
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scribed above. System 88 has a pair of voltage control said cathodes by separate conductors for providing 
outputs, namely V C ~  and V a ,  which are applied to cathode current flows thereto; 
vaporizer supplies 90 and 92, respectively. Supplies 90 a plurality of current sensing means conductively 
and 92 are controlled by Vcl and V n  such that the coupled to respective ones of said conductors for 
heater currents drawn by their respective vaporizers 94 5 sensing the respective cathode currents, each of 
and 96 are regulated in proportion to the magnitude of said sensing means generating a sensing output 
11 or 12, and also in proportion to the average magnitude signal which has a magnitude proportional to 
of 11 and 12, as has been described above. sensed cathode current; 
A propellant source 98, which may contain mercury means for averaging whereby the magnitudes of said 
or cFsium, supplies propellant to vaporizer 94 and 96 to 10 output signals are averaged, said averaging means 
be vaporized therein. The amount of propellant vapor- generating an averaging output signal having a 
ized by each vaporizer 94 and 96 is dependent on the magnitude proportional to the average of said sens- 
heater current supplied by the respective vaporizer ing output signals; 
supplies 90 and 92. The vaporized propellant passes reference potential means producing a reference out- 
through hollow cathodes 72 and 74, where it is ionized 15 put signal having a magnitude proportional to the 
within the arc which is maintained between each cath- difference between said supply voltage and said 
ode 72 and 74 and the anode 78. The atoms of the vapor input signals; 
so ionized produce positively charged ions 100 and free a plurality of flow regulator means each one of which 
electrons 102. The ions 100 produced in the main cham- is operably connected between a source of material 
ber 104 of the motor 70 are accelerated towards a grid 20 to be ionized and a respective one of said cathodes 
106 which is maintained at a negative potential by an for regulating a flow of said material through said 
acelerator power supply (not shown). Openings 108 cathode; 
within grid 106 permit a substantial number of ions 100 a plurality of regulator control means each one of 
to pass therethrough, thereby escaping from motor 70 which has a control output signal the magnitude of 
to produce a thrust. The kinetic energy of the acceler- 25 which controls a respective one of said flow regu- 
ated ions 100 produces the thrust from motor 70, the lators, each of said regulator control means being 
thrust being coincident with the thrust axis 76. responsive to the magnitudes of respective ones of 
It is to be understood that the above described em- said sensing output signals, and to said averaging 
bodiment of the invention is illustrative only, and that output signal and said reference output signal. 
modifications thereof may occur to those skilled in the 30 2. A system as defined in claim 1 wherein said emis- 
art. One such modification may be accomplished in an sion currents are controlled such that they are substan- 
ion propulsion motor that utilizes, typically, argon or tially equalized one to another. 
xenon gas as a propellant. In such a motor (not shown) 3. A system as defined in claim 2 wherein said source 
the flow of propellant is regulated by Vcl and V a  material comprises mercury and said flow regulator 
controlling the dimensions of an orifice within a gas 35 comprises a vaporizer for vaporizing said mercury, said 
flow control device. One such gas flow control device vaporizer having a heating means for varying the tem- 
is a piezoelectric leak valve. perature thereof. 
As may be appreciated, for each embodiment of the 4. A system as defined in claim 3 wherein said control 
invention a number of factors, such as the type of pro- output signal controls said heating means so that the 
pellant control devices utilized, the required magni- 40 temperature of said vaporizer may be varied, thereby 
tudes of the discharge voltage and emission currents, vaporizing more or less of said mercury. 
and the number of hollow cathode devices utilized will 5. A system as defined in claim 2 wherein said source 
all affect the specific types, numbers of, and component material is a gas and said flow regulator is a piezoelec- 
values of the devices utilized to construct the emission tric flow controller having an orifice through which 
current control system of the invention. Accordingly, 45 said gas flows, said orifice having an opening area 
this invention is not to be regarded as limited to the which may be varied. 
embodiment disclosed herein, but is to be limited only as 6. A system as defined in claim 5 wherein said control 
defmed by the appended claims. output signal varies said orifice opening to vary the 
amount of said gas which may flow therethrough. 
7. A system as defined in claim 2 wherein said system 
is incorporated within an ion propulsion motor. 
8. A system as defined in claim 7 wherein said source 
material is a propellant for said motor. 
What is claimed is: 
1. A system for controlling the respective emission 50 
currents from a plurality of cathodes in accordance 
with an input signal comprising: 
a cathode power supply generating a supply voltage, 
said supply being conductively coupled to each of * * * * *  
55 
65 
